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Abstract: Spatial origins of compound action potential responses to varying 
stimulation rates, frequencies, and levels were investigated. A technique to 
measure the regions in the cochlea generating each response in which a 
neurotoxic drug (kainic acid) is slowly injected into the cochlear apex was used. 
This induces a progressive ablation of responses from apex (low frequency) to 
base (high frequency), allowing the spatial origins of cochlear responses to be 
quantified.  
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INTRODUCTION 
Limited attention has been paid to the effects of stimulation rate on compound action 
potentials (CAPs) in the literature. In this project we will be studying the spatial origins of 
compound action potential (CAP) responses to varying stimulation rates in guinea pigs. Guinea 
pig studies provide a strong experimental model, which allows for experimentation in a cochlea 
comparable to that of humans. Guinea pig high frequency and low frequency cutoffs, lowest 
intensity, best frequency, and frequency discrimination abilities are within one standard 
deviation of the mammalian mean (Heffner, Heffner, & Masterton, 1971). These animals have a 
higher best frequency region (around 10 kHz) (Heffner & Heffner, 2007). Although hearing 
abilities are not identical, the cochleas of these laboratory animals have proven to be strong 
experimental subjects. 
We know that as stimulation rate is increased, the amplitude of the CAP decreases (Hall, 
2007). Nevertheless, the averaged response is obtained far more quickly with increased rates and 
it is common to use rapid rates of stimulation of 30 tone bursts per second, or more. Clinically, 
increased rates are often recommended to be utilized when data collection needs to be done 
quickly. Increased stimulus rate allows for the collection of the largest amount of data in the least 
amount of testing time (Hall, 2007). Although one implication of higher stimulation rate is 
decreased time required for testing, reliable and frequency specific CAPs may become less 
attainable under these conditions. This project seeks to examine the frequency specificity of tone 
burst CAPs attained at various rates, as well as other effects of rate upon CAP responses. This 
has been studied using a new method to demonstrate the cochlear regions contributing to the 
response in which an ototoxic drug is slowly injected into the cochlear apex. 
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It was previously shown that a pipette, filled with ototoxic solution and sealed into the 
apex of the cochlea, could reliably be used to identify the origins of various cochlear responses 
as frequency regions were ablated (Salt, Lichtenhan, Gill, & Hartsock, 2013). The project utilizes 
a novel injection technique to measure the regions in the cochlea generating each response while 
a neurotoxic drug (kainic acid) is slowly injected into the cochlear apex (Lichtenhan, Hartsock, 
Gill, Guinan, & Salt, 2014). The solution is injected through a fenestra created in the scala 
vestibuli, near the apex, and travels down the scala tympani to the base of the cochlea (Salt, 
Hale, & Plonkte, 2006). This induces a progressive ablation of CAP responses from apical (low 
frequency) to basal (high frequency) regions of the cochlea with time, allowing the spatial 
origins of cochlear responses to be quantified. Responses to tone burst stimuli of various rates 
(5.2, 10.9, 17.1, 24 and 40 per second) and of varying frequency and level were measured 
repeatedly during the progressive ablation procedure. This slow injection of kainic acid into the 
apex of the cochlea provides an insight to irregular spatial origins of CAPs in individual 
cochleas. This, in turn, allows for the creation of frequency place maps for cochleas in individual 
subjects. 
The injection method changes injection rate over time, delivering varying amounts of 
kainic acid solution to the cochlea as time, post injection, increases. This method takes into 
account the varying cross-sectional area of the scala tympani as fluid travels from the apex to the 
base, so that the drug moves down the cochlea at a linear rate of approximately 0.5 mm/min 
(Lichtenhan et al., 2014). This more accurate method of injection leads to a more accurate 
frequency place map for each cochlea studied. Irregular originations of CAPs at finely spaced 
frequencies can be identified in guinea pigs. Kainic acid is utilized due to its proven influence of 
blocking synapse between the inner hair cells and the primary afferent fibers. It reduces the CAP 
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and elevates auditory neural thresholds without affecting distortion product otoacoustic emission 
thresholds (Peppi, Landa, & Sewell, 2012). Kainic acid produces an auditory neuropathy type 
response (ablated auditory nerve responses and normal outer hair cell function) and is thus 
appropriate to be utilized in cochlear ablation studies, such as the present project (Peppi et al., 
2012; Fujikawa et al., 2014). 
This method of apically injecting kainic acid into the cochlear apex and allowing the drug 
to systematically ablate frequency regions (from low to high) allows us to evaluate the effects of 
stimulation frequency, level, and rate on spatial origins of the CAP. Patterns in spread of 
response along the cochlea and amplitude of the CAP response were also examined. We 
hypothesize that at high stimulus rates the forward masking influence of each tone burst on the 
following one will be maximal at the stimulus frequency, resulting in responses that at high 
stimulation rates are dominated by adjacent regions, rather than the intended stimulus frequency. 
 
METHODS 
Animal Preparation 
The study used eleven NIH strain-pigmented guinea pigs. All animals were first 
anesthetized with an intraperitoneal injection of 100 mg/kg of sodium thiobutabarbital. The head 
and neck area of the guinea pig was then shaved and a tracheostomy was performed. During 
experimentation, the animal was artificially ventilated with isoflurane, and a respirator 
maintaining an end tidal carbon dioxide level of 5%. A pulse oximeter was also used to monitor 
the heart rate, oxygen saturation, and expired carbon dioxide levels. The right cochlea of the 
animal was visualized through the auditory bulla with a ventral approach. The guinea pig was 
then placed in a head holder, which has a hollow ear bar through which to deliver acoustic 
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stimuli to the animal. Before electrical recordings were run, pancuronium bromide (0.06 mg/kg) 
was administered in the left jugular vein to eliminate any contraction of the middle ear muscles. 
Throughout experimentation, a heating blanket and rectal thermometer were monitored to 
maintain a guinea pig body temperature of 38 degrees Celsius. This study’s experimental 
protocol, 20130069, was approved by the Animal Studies Committee of Washington University. 
Apical Injection of Kainic Acid 
The apex of the cochlea was prepared for placement of the injection pipette. Kainic acid 
filled the pipette, which was later placed and sealed into the fenestra at the cochlear apex (Figure 
1). The pipette was stored filled with kainic acid, with the tip submerged in water, during pre-
injection measures and the creation of the fenestra. This pipette sealing procedure began by 
removing the mucosal covering at the apex of the cochlea, coating this area with a layer of 
cyanoacrylate glue, then applying a layer of a two-part silicone elastomer, in order to keep any 
cochlear fluid away from the surface. The fenestra was then made through these layers. It was 
just large enough to for the pipette, which was pulled from 1-mm glass tubing in the lab. The 
pipette was sealed in place with cyanoacrylate glue to ensure a fluid-tight seal. The pipette was 
coupled to a syringe and mounted on a digitally controlled World Precision Instruments 
Ultrapump.  
Apical injections flowed from the injection site down toward the cochlear aqueduct of 
scala tympani in the base of the cochlea. To account for the widening of the scala tympani at the 
base, injection rates increased as time, post injection, increased. To achieve a more uniform flow 
from apex to base 2.15 microliters of kainic acid were injected over a 30-35 minute period, while 
post injection measures were completed. The flow rate into the apex was increased every one 
minute to account for increased cross-sectional area of scala tympani towards the base of the 
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cochlea, allowing the drug to distribute basally at a consistent 0.5 mm per minute. Measures of 
electrophysiologic responses and the changes as a function of time could then be used to 
determine the origins of responses according to distance from the apex of the cochlea (Figure 2). 
 
Acoustic Stimuli and Electrophysiologic Recording 
The generation of the stimuli and electrophysiologic recordings were created with 
Tucker-Davis System 3 Hardware. Measures were controlled by a custom-written Visual Basic 
software on a personal computer. Acoustic stimuli were delivered to the guinea pig via an 
Etymotic ER-10C connected to the hollow ear bar. TD Electrostatic and ER10 speaker with 18 
dB attenuation set in the amplifier were calibrated prior to each experiment. Electrical responses 
were differentially recorded between a ball electrode placed near the round window and a needle 
vertex electrode. The ground electrode was connected by a fluid bridge to tissues on the left side 
of the animal’s neck. “Signals were recorded with an optically coupled amplifier (TD HB7, 
1000× gain) with filters set to 5 Hz (high pass) and 15 kHz (low pass). Signals were routed to the 
TD-RP2 modules for digitization (48.8 kHz) and averaging” (Lichtenhan et al., 2014).  
For each animal, an input output function was run and recorded at 8 kHz. Subsequently, 
CAP thresholds were obtained for 1-22 kHz, using a 10 microvolt criterion, recording 
frequencies in 4 dB steps per octave.  An automated routine for calculating these CAP thresholds 
was then run and measured in the guinea pig. All animals showed normal 10 microvolt criterion 
audiograms, indicating normal hearing. Using the same CAP threshold measure with a 40 
microvolt criterion thresholds were then recorded from 500 Hz to 1600 kHz, measuring in two 
dB steps per octave. Otoacoustic emissions were obtained from 500-8,000 Hz at 65 dB.  
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Electrophysiologic Measurements During Apical Injections 
After pre-injection measures were run the pipette was placed as previously described. 
One frequency was selected for the post injection level series and inter-stimulus-interval series, 
for each animal. The program log was set up to take the following measures during injection.  
First, a level series, at the experimental frequency, was run from 5 dB above the previously 
obtained 10 microvolt criterion threshold up to 95 dB, in 10 dB steps. CAP responses were then 
collected with the stimulus at a level previously shown to generate a 40 microvolt response for 
the following frequencies (2 frequency steps/octave): 16000, 13314, 8000, 5657, 4000, 2828, 
2000, 1414, and 1000 Hz. Inter-stimulus-interval (ISI) series were then run at the selected 
frequency at a low intensity level and a higher intensity level (Figure 3). The rates for the ISI 
were 5.217, 10.909, 17.142, 24, and 40 tone bursts per second. The lower intensity level was set 
1-2 dB above the established 40 microvolt threshold and the higher intensity level was set at 80-
90 dB. Once all ISI measures were run and injection was complete otoacoustic emission 
measures were repeated. All measures were selected so that responses could be collected within 
a two minute period. Measurements were repeated at two minute intervals throughout the apical 
injection procedure.  
 
RESULTS 
Injection Method Provides an Animal Specific Frequency Place Map for the Cochlea 
The novel apical injection procedure used during experimentation, which accounts for 
increase in area as kainic acid flows to the basal end of the cochlea, identified the origins of 
CAPs for individual guinea pigs. We were interested in spatial origins of specific CAP responses 
to tone bursts. FIGURE 4 shows the ablation of 40 microvolt CAP amplitudes over time during 
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the injection. Responses to octave spaced tone bursts are ablated in frequency order, from low 
frequency to high frequency. This corresponds with the CAP generator sites being more apical 
for low frequency stimuli and more basal for higher frequency stimuli. Because the ablation 
times correspond with the frequency place map of the cochlea, the novel injection method is a 
tool for converting CAP amplitude reduction at various times post-injection into an animal 
specific frequency place map of the cochlea.  
More finely spaced tone bursts (16 frequency steps per octave) have also been shown to 
create an even more frequency specific frequency place map in an individual cochlea. FIGURE 5 
illustrates the time, in relation to the start of injection, compared to the ablation of 40 microvolt 
CAP amplitudes. As with half octave spaced tone bursts, the finely spaced tone bursts are ablated 
in a low frequency to high frequency manner. Thus, the injection method utilized is able to 
discern origins of finely spaced cochlear responses across the frequency-place map. The 
responses to higher frequency tone bursts were not ablated as uniformly as the lower frequency 
responses.  
Figure 6 is another good representation of the ablation of CAP thresholds over time 
during injection. Responses to stimuli at levels generating 50 microvolt CAP amplitudes from 
animal KD15 were ablated in frequency order, going from low frequency to high frequency. This 
shows spatial origins of responses, in this particular guinea pig, from 1-16 kHz. The time, post 
injection, compared to the decrease in CAP amplitude at that time can then reliably be used to 
determine the frequency location on the cochlea which is being ablated. Using this novel 
injection method of injection of kainic acid into the apex of the cochlea creates a reliable 
frequency-place map for the cochleas of individual guinea pigs. This makes the study of the 
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cochlear origins of CAP responses more precise as well as the study of animals with irregular 
CAP responses.  
 
Level Effect on Spread of Excitation Across the Cochlea Varies Between Animals 
When examining the origins of CAP amplitudes with increasing stimulation intensity it 
was observed that the CAP origins spread differently along the cochlea, between animals, with 
increased intensity. FIGURE 7 shows the CAP responses of four different guinea pigs over time. 
Each of these animals demonstrates a spread of excitation with increased stimulus intensity. In 
each animal, this spread is different. Panel A shows the spread of response origin moving toward 
the lower frequency, or apical region of the cochlea. Reponses to high level stimulation at 8 kHz 
was ablated earlier, suggesting this apical spread of high intensity response. Panels B and D 
show responses to higher level stimuli being ablated later in time, suggesting these responses 
spread into the higher frequency, or basal regions, for these two guinea pigs. Panel C represents a 
guinea pig whose CAP origins spread both apically and basally for high intensities. CAP 
amplitudes are ablated earlier and later than that of the characteristic frequency.  
High intensity stimuli create a spread of excitation across the cochlea, but exactly where 
the excitation spreads (basally versus apically, or both) is dependent upon the specific animal 
being studied. FIGURE 8 shows the low level threshold for a 10 tone-burst/second stimulus and 
its spatial origin. The time of this specific response ablates around 13 minutes, post-injection. 
The CAP frequency series for this animal shows that 13 minutes is where 2 kHz, the frequency 
of the stimulus for this animal, falls along the cochlea. The solid lines on the figure show the 
CAP response spread at a higher intensity (85 dB SPL). In this animal, all higher intensity 
responses ablate later in time, thus frequency responses have spread to the basal, or high 
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frequency region of the cochlea. CAP responses spread significantly along the cochlea when 
stimulus intensity is increased to 80-85 dB SPL.  
 
Effect of Stimulation Rate on Spread of Excitation Through the Cochlea 
CAP amplitude was seen to decrease with increase in stimulation rate. As stated 
previously, rates tested in these experiments were 5.217, 10.909, 17.142, 24, and 40 tone 
bursts/second. As shown in FIGURE 9, CAP amplitude decreases as rate increases for both low 
intensity (36 dB SPL) and high intensity (85 dB SPL) stimuli at 8 kHz. This animal, KD15, 
showed this decrease. Notice that due to the lower intensity of the stimuli the CAP amplitudes 
are initially smaller and show less of a decrease with rate increase than those of the higher 
intensity stimuli.  
Shown in FIGURE 10 (top) is a stimulation rate series which shows CAP amplitudes in 
relation to time post injection for the various rates tested. This is an animal specific example of 
how at each stimulation rate, amplitude stays relatively stable over time, until kainic acid has 
traveled to the base of the cochlea and ablated all frequency regions of the cochlea. The bottom 
figure depicts spatial origins of CAP responses. The CAP responses collected as kainic acid was 
systematically moving down the cochlea to the base result in a frequency scale with time. As the 
figure shows, CAP responses decrease at various points in time, meaning that at the best 
frequency region being stimulated, in this animal, 8 kHz, the response is not ablated at the one 
point in time when kainic acid reached that point on the cochlea. Rather, CAPs originate less 
from the desired frequency region, most notably at the highest stimulation rates tested. In this 
example, at higher stimulation rates, the spread of excitation in the cochlea was an apical spread, 
or into the lower frequency region of the cochlea. Thus, the response generated was ablated 
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sooner than would have been expected if the entire CAP response generated to an 8kHz tone was 
coming from the 8kHz region of the cochlea only.  
All animals tested yielded different results. The spread of excitation could not be 
characterized as basal or apical across animals, and in some guinea pigs the response was 
generated in regions located both apically and basally to the desired frequency region. The CAP 
amplitude decrease with increased rate was observed at both high and low frequency regions and 
at high and low intensities that were studied. Figure 11 is a depiction of averaged data from all 
animals tested with stimulation rate series at 8 kHz (n=3). It is an input/output figure (dB SPL 
versus CAP amplitude) on a log scale. This demonstrated the effects of stimulus rate on all 
intensity levels at 8 kHz. This averaged data supports the notion that at all intensities studied; 
CAP amplitude is decreased at increased stimulation rates, most notably 40 tone bursts/second. 
 
DISCUSSION 
Novel Injection Methods Provided an Individual Frequency Place Map for the Cochlea 
This method of apical injection of drug at an increasing injection rate creates a frequency 
place map and can identify spatial origins of CAP responses. The progressive ablation from apex 
(low frequencies) to base (high frequencies) provides a unique insight as to spatial origins of 
cochlear responses. These spatial origins are individual to each animal. Evoked by different 
stimuli and in different animals, the responses are generated in various regions in the cochlea. 
Because of the irregularity in spatial origins of CAPs, individual responses from individual ears 
must be examined when discussing spatial origins of any cochlear response. The irregularity in 
spatial origins of CAP responses suggests that the frequency place map of the cochlea to higher 
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level stimulation is not as simple a function as has been previously suggested (Greenwood, 1990; 
Tsuji & Liberman, 1997).   
 
CAPs Generated at High Stimulation Rates have Proportionately Less Content from the 
Best Frequency Region 
As the rate of the tone burst stimuli is increased, the CAP response is generated in 
adjacent regions, compared to the desired frequency region being tested, in the cochlea. The 
increased rates that were showing this spread of excitation along the cochlea were not simply the 
highest rates tested. The rate/level effect was seen to change between 10 and 15 tone bursts per 
second. Because this response is not dominated by the response at the desired frequency region, 
these responses are then less “frequency specific”. Thresholds determined by this measure of 
CAPs would be a less reliable indicator of cochlear pathology location, compared to measures 
made at lower stimulation rates  
CAP origins being less frequency specific at increased stimulus rates have large clinical 
implications. In a clinical setting, increasing stimulation rate is often recommended when there is 
a short time window to obtain much information. Increasing the rate may then lead to less 
interpretable results. Often situations where test time is limited are situations where testing may 
yield irregular or unexpected results. More testing is needed, thus testing procedures must be 
made faster. In these cases, as with all cases, it is of critical importance that all information 
obtained is reliable and accurate. Any information that is communicated to a patient, family 
member, physician, or other professional should be the most accurate information that can be 
obtained. In this case, it may be that CAP thresholds obtained from tone burst stimulation should 
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be obtained at slower stimulation rates, ensuring the most frequency specific and accurate results 
possible. 
 
The Spread of Excitation Along the Cochlea Occurs at Both High and Low Frequencies 
and Intensity Levels 
The broad spatial origins of CAPs along the cochlea were observed with both high and 
low intensity stimuli at high stimulation rates. Because amplitudes are smaller when stimulus 
intensity is lower, the change in amplitude following increased stimulation rate is less robust and 
harder to observe. CAPs are smaller at lower intensity levels and there is more noise to tease out 
at lower intensity levels. The effects are not as clean and clear as at high stimulation intensities, 
but nonetheless, a pattern is present. These effects are not just a high level phenomenon, which 
would point to a spread of excitation along the cochleas of both normal hearing and hearing 
impaired subjects who are being tested at higher stimulation rates. This would then suggest that 
the findings noted in this study may be present and problematic when assessing hearing 
capabilities of both those with normal hearing and those with hearing loss, leading to negative 
implications for all testing.  
In regards to the effect of frequency of the stimulus, spatial origins of responses were 
broad at both low and high frequency levels. The responses to lower frequency tone bursts were 
not ablated as uniformly as the higher frequency response. This points to the possibility that 
lower frequency responses are coming from a wider area on the cochlea and responses may be 
even less frequency specific than others. 
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CONCLUSIONS 
 Through the use of a novel method of injection of kainic acid, animal-specific frequency 
place maps of the cochlea were created and spatial origins of cochlear responses were then 
identified. This study found that CAP responses at high stimulation rates are dominated by 
adjacent frequency regions, rather than the desired frequency region of the stimulus. This level 
effect on spread of excitation across the cochlea varies between animals; in some cases spatial 
origins of CAP responses are more basal than that of the desired frequency, while other times it 
is more apical, or both.  
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Figure 3 
Animal Frequency (Hz) Low Intensity (dB SPL) High Intensity (dB SPL) 
KD01 8000 35 80 
KD04 2000 68 88 
KD05 9055 45 85 
KD06 4000 43 83 
KD07 4000 35 85 
KD10 4000 40 85 
KD11 8000 30 80 
KD13 2000 49 85 
KD14 4000 54 85 
KD15 8000 36 85 
KD17 16000 48 80        
Figure 4 
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Figure 5 
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Figure 7 
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Figure 9:  Top- KD15 8000 Hz, 36 dB SPL; Bottom = KD15 8000 Hz, 85 dB SPL 
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Figure 10 
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